Summary 1. The membrane potentials, currents and contractile responses were measured in the bullfrog ventricular trabeculae under voltage clamp conditions by means of double glycerol-gap technique. 2. The threshold potential for sodium inward current was -62mV and that for tetrodotoxin insensitive current, -58mV.
. The most quantitative analysis, however, has been achieved on mammalian ventricles when the membrane potential was controlled accurately by the voltage clamp technique (MORAD and TRAUTWEIN, 1968; FOZZARD and HELLAM, 1968; REUTER and BEELER, 1969; BEELER and REUTER, 1970 a, b, c) .
No corresponding study with this technique, however, has been done so far on the myocardial contractility of cold-blooded animals in which distinct differences in the excitation-contraction (E-C) coupling are known (BRADY, 1964; STALEY and BENSON, 1968) . On the frog atrial muscle, ROUGIER et al. (1968 ROUGIER et al. ( , 1969 and BROWN and NOBLE (1969) the sensitive arm of a strain gauge (Nihon Kohden, SB-1T). The muscle, which was tightly fixed at the hole in the central electrode (E2), was loaded with about 0.1g so that it would develop optimal tension during stimulation. The tension obtained, however, was not isometric but rather isotonic, since relatively long inert muscle segments in the compartments 4 and 5 were present in series.
The experimental circuits for the voltage, current measurements and voltage clamp system were modifications of those used by ANDERSON (1969) on uterine smooth muscle. The membrane potential was obtained as the potential difference between the electrodes E2 and E3. The potential, after amplification to about ten times with a high input impedance preamplifier (Nihon Kohden, MZ-3B), was compared with the desired potentials of clamp pulse (CP) and holding potential (HP) by adding the three voltages at the summing point of a high gain, inverting operational amplifier (Philbrick, P45AU). The output of this amplifier was connected to the electrode E1 through a safety resistance and switch. When the switch was closed and the resistance was shorted, the circuit was in voltage clamp condition. The central compartment (3) was kept at nearly earth potential by the aid of an operational amplifier (Philbrick, P65AU), which was used for current measurement.
The membrane potential, current and tension were displayed on a triad-beam oscilloscope (Nihon Kohden, VC-7) and the features were recorded simultaneously with a conventional long recording camera and an inkwriting oscillograph.
RESULTS

1)
Active inward current and strength-duration curve Figure 2) Effects of duration of pulses on the tension Change in duration of clamp pulse produced a marked influence on tension development. Typical results are shown in Figs. 3 and 4. The pulse duration was lengthened from 1msec to 4sec keeping the holding potential (-80mV) and depolarizing pulse (-30mV) constant.
Below a critical duration, neither active current nor tension was produced (Phase I). When the pulse was lengthened over the critical duration, a small but all-or-none type tension response was elicited together with sudden appearance of inward current (Fig. 3A) . A steady state contraction was attained immediately in the bullfrog ventricle. The peak tension did not increase markedly until the pulse duration reached 100msec, almost twenty times longer than the threshold duration (Phase II). This might be ascribed to the appearance of all-or-none inward current of almost constant size and duration, since, when tetrodotoxin (10-6g/ml) was introduced, the inward current as well as tension development were markedly depressed to produce graded responses (Fig. 3C) . The critical duration for generation of the current, however, was not changed markedly at this concentration of the drug.
Further increase of pulse duration above 100msec produced a marked increase of peak tension in the case of either the normal or treated preparations (Phase III, Fig. 3B, D) . The increment of tension in this phase was mainly due to an increase in the rate of rise of tension development. However, the rate of rise of tension became constant for pulses longer than 300msec (Phase IV). The cause of the increment in this later phase was ascribed to a prolongation of the active state. Up to about 2 sec of pulse duration, peak tension was always Fig. 4 . Effects of long pulses on the current and tension development.
A) Under normal conditions, and B) after tetrodotoxin (10-6g/ml).
Horizontal bar denotes 1sec. Vertical bars are calibrations of 30mV, 10pA and 0.08g. attained after the pulse with a considerable delay. These different phases elucidated accord quite well with those discriminated by the method in which the action potential was abolished by anodal polarization at various times (KAWATA et al., 1969) .
The inward current observed after pulses (after-inward current) consisted of at least two components, as can be seen in the figure . The fast one showed a time constant of about 0.2sec and the slow one, a time constant of a few seconds . BROWN and NOBLE (1969) have extensively analysed the nature of these currents in the frog atrium.
When the pulse was lengthened to more than 2sec, the peak tension was attained during the pulse and a gradual decrease of tension followed (Phase V , Fig. 4 ). After termination of the pulse, the fall of tension was accelerated . Two components of the after-inward current were also observable. The fast component was gradually depressed with prolongation of the pulse while the slow component was augmented.
A graphical summary of the effects of pulse duration on the tension development is illustrated in Fig. 6A. 3) Relation between peak tension and membrane potential Figure 5 shows the tension development of the muscle when the membrane potential was changed from the holding potential (-70mV) to various other clamped levels.
Step depolarization produced no tension until the membrane potential reached a critical level. A steep increase in tension occurred between -55 and -20mV in normal solution and maximum tension was attained between +20 and +30mV.
The relation between the developed tension and membrane potential is illustrated in Fig. 6B , in which the tension scale is normalized . In normal Ringer solution, the relationship was not necessarily sigmoid (filled circles). However , when tetrodotoxin (10-6g/ml) was applied, the curve became more sigmoid (open circles). The difference between the two curves might be due to incomplete voltage clamp caused by rapid sodium current as BEELER and REUTER (1970 a , c) noted in the dog ventricle. Thus, the relationship in the presence of tetrodotoxin would be more reliable, with a steep increase of tension at potentials between -50 and -20mV.
The mechanical threshold shifted a few mV to the positive side, although the potential where the maximum tension was attained was not modified. These and preceding results strongly suggest that not only the duration of normal action potential but also the potential level of the plateau markedly affects the twitch tension.
The relationship between the membrane voltage and current will be analysed elsewhere. 
4) Time course of tension development during voltage clamp
Since a biphasic contractile response consisting of an initial twitch with relaxation and a sustained contracture were common findings in the mammalian ventricles (MCGUIGAN, 1968; WOOD et al., 1969; BEELER and REUTER, 1970 c) , a similar biphasic response in the bullfrog ventricle was looked for with long pulses, but none was found. Figure 7 shows the time course of tension development when the membrane potential was shifted from the holding potential (-70mV) to various other voltage levels for four seconds. As noted before, the tension developed rapidly during the first second and, after a peak during the next or following seconds, gradually decreased towards the end of the pulse. The peak and Crosses show time course of the current in normal condition. Mean values for three series of experiments are plotted. The tension scales are normalized.
-final tensions , as well as the rate of rise and fall of the tension, depended on the new membrane potentials, but the relations were not simple.
The time to peak tension was prolonged with increase in the amplitude of the depolarizing pulse, but this usually occurred in two steps. In some cases it was apparent that two peaks were elicited with a single depolarization of rather low voltages (15-25mV). However, since the first peak diminished after tetrodotoxin (10-6g/ml), this was a simple artifact due to the rapid sodium current as noted. The prolongation of peak time, however, was still observed in this condition. This phenomenon must be noted since in the dog ventricle a shortening of peak time with pulse voltage was observed (BEELER and REUTER, 1970 c) . Moreover, relaxation after the peak was considerably slower in the bullfrog ventricle, and no sign of a second rise of tension was observed even when the depolarizing pulse was increased up to 100mV and the duration was prolonged up to 120seconds.
DISCUSSION
Membrane currents and contractile responses of the ventricular trabeculae of the bullfrog have been studied under voltage clamp conditions. The principal results obtained are quite in accord with the preceding studies on the frog ventricle with the potassium contracture method (LUTTGAU and NIEDERGERKE, 1958; LUTTGAU, 1964) , and also similar to those on the ventricular myocardium of warm-blooded animals with the voltage clamp method (FOZZARD and HELLAM, 1968; BEELER and REUTER, 1970 c) , showing a S-shaped relationship between the membrane voltage and developed tension and a close correlation of the tension development with membrane currents.
Specific characteristics of the bullfrog ventricle, however, were 1) the lowness of the mechanical threshold which almost coincided with the threshold of sodium inward current, 2) the increase of time to peak tension with increasing strength of depolarizing pulse, 3) the slowness of relaxation during sustained depolarization, and 4) no differentiation of the first twitch and second tonic contractions.
Extensive studies by BEELER and REUTER (1970 a, b, c) with the voltage clamp method have clarified that on the dog ventricle the mechanical threshold of about -3 5mV was identical to the potential at which the calcium inward current (Ica) was activated while the threshold for the sodium inward current (INa) was -65mV. Similar results of different thresholds for INa and ICa were also reported for the guinea-pig myocardium (OCHI, 1970) . For the bullfrog ventricle, on the other hand, the mechanical threshold as well as the threshold for tetrodotoxin insensitive current (-58mV) appeared considerably lower than those of the warm-blooded animals and almost coincided with 'Na threshold (-62mV).
In some preparations the threshold for contraction appeared even lower than that for INa.The low mechanical threshold agreed with the results obtained on the frog ventricle with the potassium contracture method (LUTTGAU and NIEDERGERKE, 1958; LUTTGAU, 1964) .
The difference in mechanical threshold between the frog and mammalian ventricles could be due in part to the difference in ultrastructure of the myocardium. STALEY and BENSON (1968) and ANTONI et al. (1969) demonstrated the absence of transverse tubules and the paucity of sarcotubules on the frog ventricle. Moreover, BEELER and REUTER (1970 c) have revealed that for the dog ventricle the threshold of contraction as well as that of ICa shifts to a higher membrane potential in excess external calcium. Calcium excess media are also known to depress the function of sarcotubular systems and inhibit the inotropic effects of depolarization, repetitive stimulation and paired pulses (GOTO et al., 1968; ANTONI et al., 1969) . Thus, the nature of mammalian myocardium in excess calcium solution becomes quite similar to that of frog ventricles in normal Ringer solution, probably eliminating the sarcotubular functions after saturation of calcium in the systems.
On the cat, dog and sheep ventricular muscles, MORAD and TRAUTWEIN (1968) showed that abolition of the action potential within the first 200msec by the voltage clamp could only alter the time course and amplitude of contraction and that the later phases of the action potential did not make any contribution to the tension development. Similar results were also obtained with rectangular depolarization clamp in the sheep Purkinje fiber (FOZZARD and HELLAM, 1968) and in the dog ventricular muscle (BEELER and REUTER, 1970c) , in which the peak tension appeared in a few hundred msec after the depolarization to 0mV. In the case of the bullfrog ventricle, however, the peak tension was attained only after 2sec of the same depolarization, which was almost two times longer than the normal action potential. Thus, in the bullfrog ventricle whole phases of the action potential above mechanical threshold are estimated to contribute to the tension development, through the grade of contribution may vary depending on the phases. The observation on the frog ventricle that polarizing or depolarizing currents which were applied at the terminal phase of the action potential markedly modified the tension development (GOTO and BROOKS, 1970) will also support this view. In the mammalian ventricles, when a depolarizing pulse was continued up to about 1sec, there was a complete relaxation of tension even during strong depolarization (MCGUIGAN, 1968; BEELER and REUTER, 1970 a, b, c) and further prolongation of the pulse duration produced a second sustained contractile response (KAVALER, 1959; MORAD and TRAUTWEIN, 1968; MCGUIGAN, 1968) . WOOD et al. (1969) have shown that in sheep ventricle the second contractile response may strongly influence the twitch tension during the following depolarization. In our study on the bullfrog ventricle, on the other hand, neither a second response nor an after-inotropic effect was observed. Moreover, relaxation of the first twitch response was extremely slow when the depolarization was continued as noted. These observations strongly suggest the possibility that the relaxation between the first and second contractile responses in the mammalian myocardiums is ascribed to calcium-uptake function of the sarcotubular systems while in the bullfrog ventricle the first and second responses are fused because of the paucity of these systems. The lowness of mechanical threshold in the latter and the increase in time to peak tension with increasing pulse voltages also support this view. Thus, it is highly probable that depolarization or calcium accumulation in the cell triggers not only the muscle contraction but also its relaxation or return of calcium into stores in mammalian ventricles, while in the frog ventricle the relaxation starts only after the termination of the action potential in normal conditions. A puzzling problem and contradictory results on the correlation between the duration of action potential and contractile tension could be solved along this line.
